Introduction
In mammals, melanin is produced only in melanocytes, which generate intracellular organelles (termed melanosomes) that are specialized for melanin synthesis and deposition. Melanin biosynthesis is mediated by a group of enzymes uniquely expressed in melanocytes, called the tyrosinase-related protein (TRP) family. The TRP family has three known members: tyrosinase (Tyr), Tyrp1 (originally termed TRP1), and Dct (originally termed TRP2) (Bennett, 1991; Hearing and Tsukamoto, 1991; Kobayashi et al., 1995; Marks and Seabra, 2001) . These three enzymes are type I membrane glycoproteins with significant structural homology, and all are targeted to and located in the melanosomal membrane. They act within the context of a series of reactions in the melanogenic pathway to control melanin production in melanosomes (Hearing, 1999; Hearing, 2005; Wang and Hebert, 2006) . Tyr is encoded at the albino locus and is the critical and rate-limiting enzyme required for melanogenesis, catalyzing the initial reaction of tyrosine hydroxylation. Mutations in Tyr cause reduced or absent pigmentation of hair, skin and eyes, an inherited hypopigmentary disease in humans known as oculocutaneous albinism (OCA). Tyrp1 and Dct, encoded at the brown and slaty loci, respectively, have distinct catalytic functions in melanin synthesis downstream of Tyr. Murine Tyrp1 oxidizes a downstream melanogenic intermediate (5,6-dihydroxyindole-2-carboxylic acid, DHICA) as does Dct, which functions as DOPAchrome tautomerase (Shibahara et al., 1986; Jackson, 1988; Jackson et al., 1992; Tsukamoto et al., 1992a; Jiménez-Cervantes et al., 1994; Kobayashi et al., 1994b) . In contrast to mutations in Tyr, mutations in Tyrp1 or Dct affect the quality of melanin synthesized rather than the quantity. Melanin produced by brown (Tyrp1-mutant) mice is less polymerized compared with that in black mice (Ozeki et al., 1995) , whereas slaty (Dct-mutant) mice have reduced levels of DHICAcontaining melanin (Tsukamoto et al., 1992b; Ozeki et al., 1995) . In humans, mutations in TYR result in the most severe form of OCA (OCA1) whereas mutations in TYRP1 cause a less severe form of the disease (OCA3) (Boissy et al., 1996; King et al., 2003) . Mutations in genes encoding two other pigment-specific proteins, P and MATP, also affect tyrosinase function but do so by misdirecting the trafficking of tyrosinase to melanosomes, and give rise to OCA2 and OCA4, respectively (Costin et al., 2003) .
Tyrp1 and Dct, in addition to having enzymatic functions, stabilize Tyr (Hearing et al., 1992; Winder et al., 1994; Kobayashi et al., 1994c) , and coexpression of Tyr with Tyrp1 or Dct in melanocytes increases pigmentation (Zhao et al., 1996; Manga et al., 2000; Hirosaki et al., 2002) . These results suggest that TRP family proteins associate and form multienzyme complexes on the internal surface of the melanosomal membrane. This hypothesis is supported by other studies. For example, large molecular complexes containing TRPs have been found in lysates of melanocytes (Orlow et al., 1994) , whereas coprecipitation with crosslinkers has detected the association of TRPs (Toyofuku et al., 2001; Wu and Park, 2003) . Furthermore, fluorescence resonance energy transfer and gel chromatographic analyses have demonstrated the association of Tyr and Tyrp1 (Jiménez-Cervantes et al., 1998 TRPs in vivo because these studies examined TRPs only after solubilization of the cells.
Tyrp1 is one of most abundant glycoproteins in melanocytic cells (Tai et al., 1983; Vijayasaradhi and Houghton, 1991) , and thus is likely to play an intrinsic role in the formation and stabilization of melanogenic enzyme complexes. We previously examined the stability of melanogenic proteins in mouse melan-b melanocytes [mutant at the brown (Tyrp1) locus] compared with melan-a melanocytes (wild type at that locus) (Kobayashi et al., 1998) . That study revealed that Tyr degradation in melan-b cells is significantly quicker than in melan-a cells, even though both types of melanocytes have identical genetic backgrounds except at the brown locus. This reduced stability of Tyr could be partly rescued by wild-type Tyrp1, which suggested that Tyrp1 stabilizes Tyr in vivo. We have also shown that Tyrp1 functions as a molecular chaperone for Tyr in the endoplasmic reticulum (ER), which suggests that interactions of Tyrp1 with Tyr occur in the ER (Toyofuku et al., 2001 ). However, those earlier studies did not address whether Tyr interacts with Tyrp1 in post-ER compartments such as the Golgi and/or melanosomes in vivo. In our previous study (Kobayashi et al., 1998) , Tyr was degraded more quickly in Tyrp1-mutant cells even with long chase times (6-48 hours) when melanogenic enzymes should have been delivered to melanosomes, which suggests that interactions of Tyr with Tyrp1 also occur in melanosomes. However, there is no direct evidence that Tyrp1 interacts with Tyr in melanocytes and/or in melanosomes in vivo where Tyr function is critical for melanin synthesis.
In this study, we used a chemical approach to crosslink intracellular molecular complexes in vivo. We now demonstrate that Tyr and Tyrp1 can be crosslinked and stabilized in melanocytes in vivo as well as in melanosomes. Two-dimensional PAGE analysis showed significant amounts of heterodimeric molecular complexes of Tyr and Tyrp1 in lysates of crosslinker-treated cells, revealing that Tyr associates directly with Tyrp1 in vivo.
Results
Guinea pig antibodies are specific for melanosomal proteins To determine whether Tyrp1 interacts directly with Tyr in vivo, we stabilized intermolecular associations between proteins in melanocytes using a chemical crosslinker. The crosslinker used was DSP [dithiobis(succinimidylpropionate)], a homobifunctional N-hydroxy-succinimide ester with a ~12Å spacer arm, which is membrane permeable and can reach intracellular and intraorganellar spaces. Bonds crosslinked by DSP can be subsequently cleaved by thiols so that, after immunoisolation of crosslinked complexes, they can be dissociated and characterized. Thus, we solubilized cellular proteins from melanocytes pretreated with or without DSP, then immunoprecipitated Tyrp1 and/or Tyr from the cell extracts, and examined the linked proteins in immunoprecipitates using western blot analysis.
To assist in the characterization of those crosslinked complexes, we generated antisera to Tyr, Tyrp1, Dct and Silver (also known as Pmel17/gp100)in guinea pigs (Fig. 1A ) to use along with our specific rabbit antisera to those proteins. By using guinea pig antibodies in western blots to analyze crosslinked molecular complexes immunopurified using rabbit antibodies, we could avoid crossreactivities of secondary antibodies and could thus specifically identify melanogenic proteins in complexes with little background due to IgG.
Western blot analysis of immunopurified or immunodepleted proteins from extracts of melan-a melanocytes revealed that the guinea pig antibodies specifically recognized their antigenic proteins as expected (Fig. 1A, left and middle) . Melan-a melanocytes were wild type at the Tyr, Tyrp1 and Dct loci, melan-b melanocytes were mutant at Tyrp1 but were wild-type at the other two loci, whereas melan-c melanocytes were mutant at Tyr, but were wild-type at the other two loci. Altered mobilities of Tyr in melan-c cells and of Tyrp1 in melan-b cells reflected the altered processing of these mutant proteins (Fig. 1A, right) , but all other proteins in the three extracts had comparable reactivity patterns. Confocal immunohistochemical analysis of Tyr and Tyrp1 localization in melan-a melanocytes using rabbit and guinea pig antisera showed that Tyr colocalized significantly with Tyrp1 in intracellular vesicles (Fig. 1B) .
Interaction of Tyr and Tyrp1 in melanocytes
Since our previous study (Kobayashi et al., 1998) suggested that Tyrp1 associates with and stabilizes Tyr in vitro, we then examined whether Tyr interacts with Tyrp1 in melanocytes in vivo. We used rabbit antisera to immunopurify Tyr or Tyrp1 from extracts of melan-a melanocytes that had been pretreated with or without DSP, and then analyzed the resulting immune complexes by western blot using guinea pig antibodies (Fig.  2 ). When immunopurified with the Tyr antibody from cells untreated with DSP, only Tyr was detected (Fig. 2 , lane 5). However, when DSP was used to crosslink proteins, significant levels of Tyrp1 coprecipitated with Tyr ( Fig. 2, lanes 6, 7) . The amount of Tyrp1 coprecipitated increased in a DSP dosedependent manner. Similarly, when Tyrp1 was immunopurified with the Tyrp1 antibody, Tyr was detectable when cells had been treated with DSP but not in the absence of DSP (Fig. 2 , lanes 8-10). Since coprecipitation of Tyr and Tyrp1 was not detectable in the absence of DSP, we conclude that they do not form complexes during solubilization or immunoprecipitation. The DSP-dependent coprecipitation of Tyr and Tyrp1 clearly indicates that they interact in melanocytes in vivo. Although western blotting is not strictly quantitative, we titrated the reactivities of these peptide antibodies to known amounts of cell extracts and then extrapolated those band intensities (see below and supplementary material Fig. S1 ). The results showed that Tyrp1 is about ten times as abundant in murine melanocytes as is Tyr (as expected), and that <10% of total Tyr is crosslinked with Tyrp1 in the complexes under these conditions. In related experiments, we used other chemical crosslinkers, including DSS, BS3 and DTSSP, but the most efficient crosslinking of Tyr-Tyrp1 was obtained with DSP (data not shown).
Tyr and Tyrp1 complexes are found in melanosomes Next we examined whether Tyrp1 interacts with Tyr within melanosomes. We purified melanosomes from melanocytes (Seiji et al., 1963; Kobayashi et al., 1994a; Potterf et al., 1996) and performed similar crosslinking experiments with DSP ( Fig. 3) . Western blot analysis of immunoprecipitated and coprecipitated proteins from extracts of purified melanosomes revealed that when melanosomes were pretreated with DSP, Tyrp1 and Tyr complexes could be detected. By contrast, coprecipitation of Tyr and Tyrp1 was not observed in the absence of DSP. These results show that Tyrp1 interacts with Tyr in melanosomes.
Tyr and Tyrp1 form complexes in cycloheximide-treated melanocytes Since cycloheximide inhibits de novo protein synthesis, Tyr or Tyrp1 would be depleted in the ER and Golgi after cycloheximide treatment for appropriate periods. Previous studies have shown that post-translational processing of Tyr and Tyrp1 is essentially complete within 2 hours (Jiménez et al., 1988; Kobayashi et al., 1998) , suggesting that they should be processed out of the ER and Golgi in that time frame. We used treatment with cycloheximide to examine whether Tyr interacts with Tyrp1 in organelles besides the ER and Golgi. We used YFP-markers to identify the ER and Golgi in melanocytes, and confirmed that although Tyr and Tyrp1 were abundant in the ER and Golgi of untreated melanocytes, they were not detectable in the ER or Golgi of melanocytes treated with 10 g/ml cycloheximide for 10 hours (Fig. 4A) . However, Tyr and Tyrp1 colocalized in most pigmented stage III and IV melanosomes (as seen in the bright field images) after treatment with cycloheximide. When melanocytes treated with or without cycloheximide for 10 hours were solubilized, immunopurified and examined by western blot (Fig. 4B) , coprecipitation of Tyr and Tyrp1 was seen only in DSPcrosslinked cells, although the level of coprecipitated proteins was decreased slightly by cycloheximide (as would be expected because of the decreased protein synthesis). Since EndoH sensitivity is a specific criterion for whether proteins have been processed through the ER to the Golgi, we digested the DSP-linked complexes with EndoH and then analyzed them by western blot (data not shown). The results showed that the Tyr and Tyrp1 in those complexes had EndoH-sensitive and EndoH-resistant forms.
These experiments with DSP revealed that interactions between Tyr and Tyrp1 occur in the ER, Golgi and melanosomes, but it remained unclear whether Tyrp1 associates with Tyr directly or indirectly, although a preference for heterodimers of Tyr and Tyrp1 in vitro has been reported (Jiménez-Cervantes et al., 1998) . To clarify this point, twodimensional SDS-PAGE analysis was used to characterize the nature of the DSP-stabilized molecular complex of Tyr and Tyrp1. Crosslinked molecular complexes were immunoprecipitated by anti-Tyr from an extract of melan-a melanocytes pretreated with DSP, and were then separated by SDS-PAGE under non-reducing conditions in the first dimension (Fig. 5 , from right to left). The proteins were then separated in the second dimension by SDS-PAGE under reducing conditions, which cleaved the conjugates and revealed which molecules had composed the crosslinked complexes (Fig. 5 , from top to bottom). When the blots were stained for Tyrp1, coprecipitated Tyrp1 was detected in extracts of cells pretreated with DSP, which migrated at ~150 kDa in the first dimension (Fig. 5, bottom right panel) . Tyr was detected as a relatively minor spot at the same position (marked by the arrowhead) along with two major spots that were also observed in the untreated control (Fig. 5, middle panels) . These results indicate that Tyrp1 interacts directly with Tyr in cells. Since coprecipitated Tyrp1 was not detected anywhere else, most of the coprecipitated Tyrp1 molecules had been released from crosslinked ~150 kDa heterodimers of Tyr and Tyrp1. Therefore, it is likely that Tyrp1 interacts with Tyr directly, even in melanosomes, although the two-dimensional SDS-PAGE analysis was performed only using whole cells.
Dct and Silver do not form complexes with Tyr or Tyrp1
We also examined whether Tyr and/or Tyrp1 were associated with the other known melanosomal proteins, Dct and Silver. When the blots were stained using anti-Dct or anti-Silver antibodies to identify coprecipitated proteins, neither of these proteins could be detected as a coprecipitate with Tyr or Tyrp1, even in melanocytes treated with DSP (Fig. 6) . These results indicate that Dct and Silver do not form complexes with Tyr or Tyrp1 in vivo.
Interaction of Tyr with Tyrp1 is disrupted in Tyrp1b-mutant melanocytes We had previously shown that Tyr was degraded more rapidly in Tyrp1 b mutant (melan-b) melanocytes compared with black (melan-a) melanocytes, which suggests that mutant Tyrp1 does not interact with Tyr (Kobayashi et al., 1998) . As shown in Fig.  7 , Tyr did not coprecipitate with mutant Tyrp1 in melan-b melanocytes, even when they had been pretreated with DSP. Conversely, when Tyr was immunoprecipitated from DSPtreated melan-b melanocytes, a faint band of Tyrp1 could be coprecipitated. However, that band was detectable even in the absence of DSP, which indicates that it was not DSP dependent. Therefore, we conclude that mutant Tyrp1 does not interact with Tyr in Tyrp1 b mutant melanocytes in vivo as it does in melanocytes that are wild type at that locus.
Discussion
In this study, we show that treatment of melanocytes in vivo or of purified melanosomes with the chemical crosslinker, DSP, induces the formation of stable complexes of Tyr and Tyrp1. Judging from the length of the spacer arm of DSP (~12Å), the formation of crosslinked Tyr-Tyrp1 complexes indicates that these molecules are very close together and that they associate in complexes in melanocytes and in melanosomes. Moreover, two-dimensional SDS-PAGE analysis demonstrated that the crosslinked complexes containing Tyr and Tyrp1 are heterodimers, indicating that Tyrp1 interacts directly with Tyr. Furthermore, these complexes can be detected in the ER, the Golgi and in early and late melanosomes.
Several groups have previously reported that Tyr and Tyrp1 associate with each other in vitro and form high molecular mass complexes (Orlow et al., 1994; Jiménez-Cervantes et al., 1998; Toyofuku et al., 2001; Wu and Park, 2003) . However, those studies reported only on protein complexes after extraction from cells detected by various techniques, such as coimmunoprecipitation, cosedimentation, gel chromatography or fluorescence resonance energy transfer. Our study is the first to provide direct evidence that Tyrp1 interacts with Tyr in vivo.
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Fig. 2. Interaction of Tyr and Tyrp1 in melanocytes.
Melan-a melanocytes were incubated in ice-cold PBS containing 0, 0.5 or 1 mM DSP (as indicated) for 15 minutes on ice, followed by quenching with 2 mM glycine/PBS and exhaustive washing with PBS. After solubilization, equal amounts of each cell extract were immunoprecipitated and melanogenic proteins were analyzed by SDS-PAGE and immunoblotting. Immunoprecipitated and coprecipitated proteins were separated by SDS-PAGE under reducing conditions, which cleaves the crosslinks, and proteins migrate at their original molecular sizes. Subscripts of 'GP' or 'R' refer to antisera generated in guinea pigs or rabbits, respectively; NS, normal serum. Interaction among TRP family proteins via their EGF motifs has been previously proposed. Orlow and colleagues showed that the N-termini of Tyrp1 and Dct play important roles in the intermolecular association of TRP family proteins and in the stabilization of enzymatic activities (Manga et al., 2000) . In this study, we were unable to detect any association of Tyr with Tyrp1 in melan-b melanocytes, which are mutant at the Tyrp1 locus, even after treatment with DSP, showing that mutant Tyrp1 does not interact with Tyr. This suggests that the Nterminal region of Tyrp1, where the brown mutation results in an amino acid substitution of tyrosine for cysteine (C86Y), is critical for the physical interaction between Tyr and Tyrp1. However, this mutation in Tyrp1 also affects the processing and intracellular trafficking of the mutant protein, resulting in its quick degradation, which might reduce the time for it to interact with Tyr. Mutant Tyrp1 has been shown to form a complex with Tyr in the ER, which results in the proteasomal degradation of wild-type Tyr in Tyrp1 mutant melanocytes (Toyofuku et al., 2001) . The correct processing of Tyr has been shown to be critical to avoid its degradation in proteasomes (Svedine et al., 2004) . Thus, the mechanism of the intermolecular association of Tyr and Tyrp1 remains obscure and further studies are required.
Hebert's group recently reported the possibility of Tyr oligomerization in vitro as well as in vivo (Francis et al., 2003) . They detected a high molecular mass complex containing Tyr in melanocytes using the chemical crosslinker, bismaleimidohexane (BMH), the molecular size of which corresponds to the Tyr dimer. There was no mention about the involvement of Tyrp1 as a component of that molecular complex but it seems unlikely that the Tyr-Tyrp1 complex would be detectable because BMH reacts with free thiols and its efficiency is low, whereas DSP used in our study reacts with free amine residues. Our results suggest that Tyr can form oligomers in melanocytes. Our two-dimensional SDS-PAGE results (Fig. 5) show that the amount of crosslinked Tyr, which migrates at ~150 kDa before cleavage, is relatively more abundant than that of crosslinked Tyrp1. Although immunoblotting analysis of two distinct proteins is not usually quantitative, we believe it is semiquantitative in this case because our primary antipeptide antisera against Tyr or Tyrp1 had similar titers against the antigenic peptides ( Kobayashi et al., 1994a) and because all blots were stained using the same secondary antibody under identical conditions and were developed in parallel. That analysis suggests that Tyrp1 is about 10 times more abundant in melan-a melanocytes, but that the efficiency of Tyrp1 crosslinking to Tyr is less than 10%. We cannot exclude the possibility that they form much larger molecular complexes for melanin synthesis, although only heterodimers of Tyr and Tyrp1 were detected by our twodimensional SDS-PAGE analysis. These results suggest that Tyr interacts and forms a molecular complex with Tyrp1 and that Tyr is also likely to homodimerize because the crosslinked complex has the same size as a Tyr dimer (Fig. 3) and is much more abundant than Tyrp1. Francis et al. reported that the oligomerization of Tyr is impaired in Tyrp1-mutant melan-b cells, indicating that Tyrp1 may be involved in Tyr oligomerization (Francis et al., 2003) . They suggested that Tyrp1 might interact with Tyr to facilitate the oligomerization.
In this study, we were unable to detect in vivo interactions of Tyr or Tyrp1 with Dct or with Silver, two other melanosomal proteins that are critical to pigmentation (Valencia et al., 2006) . Interestingly, Dct also seems able to stabilize the activity of Tyr in vitro as does Tyrp1 (Hearing et al., 1992; Winder et al., 1994; Kobayashi et al., 1994c) and Dct forms a molecular complex with Tyr and Tyrp1 in vitro (Orlow et al., 1994) . This suggested the possibility that Dct interacts with Tyr in vivo, a hypothesis not supported by our results. Dct is degraded more rapidly than Tyr or Tyrp1 in melanocytes (Kobayashi et al., 1998; Toyofuku et al., 2001) , and levels of Dct are much lower in melanocytes compared with Tyrp1. Therefore, even if Dct associates with Tyr to a limited extent, we were unable to detect this after treatment with DSP, and it seems unlikely that Dct is crucial for Tyr stabilization in vivo. However, Tyrp1 might be crucial for the stabilization of Tyr in melanocytes because it is the most abundant glycoprotein (Tai et al., 1983; Vijayasaradhi and Houghton, 1991) and has a relatively longer life span than Tyrp2/Dct (Kobayashi et al., 1998; Toyofuku et al., 2001) . Taken together, these data demonstrate that Tyrp1 interacts directly with Tyr in melanocytes and in melanosomes, which may regulate the stability and trafficking of those critical melanogenic enzymes and thus determines pigment biosynthesis.
Materials and Methods
Cells and culture conditions
Murine melanocyte lines derived from black (Tyrp1 ) non-agouti mice (melan-a, melan-b and melan-c cells, respectively), were generous gifts from Dorothy C. Bennett and Elena Sviderskaya (St George's Hospital, London, UK) (Bennett et al., 1987; Bennett et al., 1989; Bennett, 1991) . Those cells were cultured as previously reported (Kobayashi et al., 1998) .
Materials
The chemical crosslinkers, dithiobis(succinimidylpropionate) (DSP), disuccinimidyl suberate (DSS), bis [sulfosuccinimidyl] suberate (BS3) and 3,3Ј-dithiobis (sulfosuccinimidylpropionate) (DTSSP), ovalbumin and BCA protein assay reagents were purchased from Pierce Biotechnology (Rockford, IL). Nonidet P-40, EDTAfree protease inhibitor cocktail and FuGENE6 were obtained from Roche Diagnostics
Journal of Cell Science 120 (24) Fig. 5 . Direct interaction of Tyr and Tyrp1. Tyr was immunoprecipitated from melan-a melanocytes pretreated with or without DSP, and was separated in the first dimension by SDS-PAGE under nonreducing conditions. Tyr and crosslinked proteins were cleaved and resolved in the second dimension by SDS-PAGE under reducing conditions. Blots of DSP-treated samples detected by anti-TyrGP (green) and Tyrp1 GP (red) were overlaid and are shown in the bottom panel. Arrowheads indicate Tyr or Tyrp1 detectable only when cells had been pretreated with DSP. Tyr spots marked with arrows were detected regardless of DSP treatment and probably represent Tyr that comigrated with the anti-Tyr IgG heavy chain on the first gel. There are also some non-specific spots visible at ~58 kDa. Representative results of two experiments are shown.
(Tokyo, Japan). Protein G Sepharose and enhanced chemiluminescence detection reagents were from GE Healthcare, (Buckinghamshire, UK). Gelatin and cycloheximide was purchased from Wako Chemical Co. (Osaka, Japan).
Antibodies
The rabbit antibodies used in this study, ␣PEP1, ␣PEP7, ␣PEP8 and ␣mSiN, were generated against synthetic peptides corresponding to the C-or N-termini of murine melanogenic proteins Tyrp1, Tyr, Dct and Silver, respectively. They specifically recognize each melanogenic protein as described previously (Jiménez et al., 1989; Tsukamoto et al., 1992a; Yasumoto et al., 2004) . In this study, we refer to those antibodies by the name of the antigen recognized, with a subcrip 'R' to denote their origin from rabbits. The mouse monoclonal antibody HMB-45 was purchased from Enzo Life Sciences (Farmingdale, NY). HMB-45 recognizes a mature processed form of the Silver protein (Yasumoto et al., 2004; Theos et al., 2006) and specifically the fibrillar matrix of Stage II melanosomes Raposo et al., 2001) .
For this study, we also generated antibodies in guinea pigs against the identical antigenic peptides used to generate the rabbit antisera noted above (namely, the Ctermini of Tyrp1, Tyr and Dct, or the N-terminus of Silver). For immunization of guinea pigs, ovalbumin was used as a carrier protein for each antigenic peptide instead of keyhole limpet hemocyanin used for the rabbits. Analysis with an enzyme-linked immunosorbent assay showed that each guinea pig antibody had a similar high titer and specificity against the antigenic peptide as the rabbit antisera (data not shown). In western immunoblotting analysis of extracts of melan-a cells, the guinea pig antibodies reacted specifically with the proteins as expected and there were no apparent nonspecific bands. In this study, we refer to those antibodies by the name of the antigen recognized, with a subscript 'GP' to denote their origin from guinea pigs.
Immunopurification and immunodepletion of melanogenic proteins
Immunopurification of melanogenic proteins was done as described previously (Kobayashi et al., 1994a) . Immunopurified proteins were further analyzed by western blot analysis as previously detailed (Kobayashi et al., 1995) using guinea pig peptide antisera. For immunodepletion, extracts of melan-a melanocytes (0.5 mg protein) were incubated with 20 l rabbit antiserum, complexed with protein-G-Sepharose and sedimented. The resulting supernatants were used for western blot analysis.
Melanosome purification
Purification of melanosomes from murine melanocytes was carried out as described previously (Kobayashi et al., 1994a) . All steps were performed at 4°C. Highly pigmented melan-a melanocytes were harvested, rinsed with Ca 2+ -and Mg
2+
-free phosphate-buffered saline (PBS -) and homogenized with 12 strokes of a PotterElvehjem grinder in homogenization buffer (0.25 M sucrose, 50 mM phosphate buffer, pH 6.8, 1 mM EDTA, protease inhibitor cocktail). Following centrifugation for 10 minutes at 1000 g, each supernatant was centrifuged for 30 minutes at 10,000 g. The pellets were resuspended in homogenization buffer and applied to a discontinuous gradient of 1.0-2.0 M sucrose and centrifuged for 1.5 hours at 100,000 g. Melanosomes were collected at the 1.8-2.0 M and the 1.6-1.8 M interfaces. Purity of the melanosomal fractions isolated under these conditions has been described previously (Potterf et al., 1996) .
Chemical crosslinking and immunoprecipitation
Crosslinking was performed according to the standard method described in the manufacturer's protocol. Briefly, harvested cells or purified melanosomes were resuspended in ice-cold PBS -(2 ml) and combined with 20 l DSP stock solution in dimethyl sulfoxide to a final concentration of 0-2 mM. In some experiments, other crosslinkers were used. After incubation of the reaction mixtures on ice for 20 minutes, the cells or the melanosomes were rinsed with 2 mM glycine in PBS -and then with PBS -, and solubilized on ice for 30 minutes in Nonidet P-40/SDS buffer (1% Nonidet P-40, 0.01% SDS, 0.1 M Tris-HCl, pH 7.2, protease inhibitor cocktail). The extracts were centrifuged for 15 minutes at 10,000 g, and the supernatants were kept on ice for BCA protein assay and immunoprecipitation.
The resulting supernatants (1 mg protein each) were precleared with 10 l normal rabbit serum and 100 l protein-G-Sepharose (GE Healthcare). The precleared extracts were combined with gelatin to a final concentration of 0.5 mg/ml gelatin to reduce the non-specific binding of melanogenic proteins to IgG and matrix, incubated with 5 l rabbit antiserum for 1 hour at 4°C and were then complexed with 30 l protein-G-Sepharose for 30 minutes at 4°C. The immune complexes were washed three times with Nonidet P-40/SDS buffer containing 0.5 mg/ml gelatin and then three times with Nonidet P-40/SDS buffer, eluted in SDS sample buffer containing 2-mercaptoethanol at 95°C for 3 minutes and separated by SDS gel electrophoresis (Laemmli, 1970) , followed by western blot analysis as described previously (Kobayashi et al., 1994a; Kobayashi et al., 1998) .
For 2D-PAGE analysis, the immune complexes were first eluted with nonreducing SDS sample buffer without any reducing agents and were resolved on SDS gels. After the first dimension separation, the lane was cut from the gel and boiled in sample buffer containing 5% 2-mercaptoethanol at 95°C for 3 minutes and then was separated on a SDS gel under reducing conditions (second dimension), and analyzed by western blot analysis.
Molecular sizes reported were estimated using standard protein mixtures from Sigma (St Louis, MO) and from Bio-Rad (Hercules, CA) to generate a mobility/size standard curve for each experiment. For western blot analysis, crosslinked and coprecipitated proteins were separated on PAGE gels that contained abundant amounts of eluted IgG, which frequently retarded their migration, and therefore, molecular sizes of crosslinked proteins reported are only estimates. Tyr or Tyrp1 was immunoprecipitated from melan-a melanocytes pretreated with or without 1 mM DSP as described for Fig. 2 . Immunoblotting analysis was used to detect Tyr/Tyrp1 coprecipitates using Tyr GP , Tyrp1 GP , Dct GP and Silver GP antibodies. 
Expression of ER and Golgi markers
The ER-or Golgi-targeting EYFP vectors (pEYFP-ER Vector or pEYFP-Golgi Vector, BD Clontech, Mountain View, CA) were transiently expressed in melanocytes using FuGENE6, according to the manufacturer's instructions.
Immunofluorescence microscopy
Melanocytes grown on coverslips (Matsunami, No. 1) were fixed in 4% paraformaldehyde for 1 hour on ice, and were then quenched in ice-cold 10 mM glycine/PBS -for 20 minutes. After rinsing with ice-cold PBS -, the cells were permeabilized with 0.05% Triton X-100 for 15 minutes on ice and blocked in blocking buffer (3% bovine serum albumin and 4% fetal bovine serum in PBS -) overnight at 4°C. The cells were then immunostained with the primary antibody, followed by the appropriate Alexa Fluor 488-or Alexa Fluor 647-conjugated secondary antibodies (1:2000 dilution; Invitrogen, Carlsbad, CA). Fluorescence images were acquired using a laser-scanning confocal microscope (LSM510, Carl Zeiss) and processed with Adobe Photoshop software.
